In this work, using atomic force microscopy and scanning tunneling microscopy, we study the surface morphologies of epitaxial InN films grown by plasma-assisted molecular beam epitaxy with intervening GaN buffer layers on sapphire substrates. On smooth GaN buffer layers, nucleation and evolution of three-dimensional InN islands at various coverages and growth temperatures are investigated. The shapes of the InN islands are observed to be predominantly mesa-like with large flat (000-1) tops, which suggests a possible role of indium as a surfactant. Rough GaN buffer layers composed of dense small GaN islands are found to significantly improve uniform InN wetting of the substrates, on which atomically smooth InN films are obtained that show the characteristics of step-flow growth. Scanning tunneling microscopy imaging reveals the defect-mediated surface morphology of smooth InN films, including surface terminations of screw dislocations and a high density of shallow surface pits with depths less than 0.3 nm. The mechanisms of the three-dimensional island size and shape evolution and formation of defects on smooth surfaces are considered.
INTRODUCTION
InN is an important group-III nitride semiconductor. By varying the InN content, InGaN-based optoelectronic devices can have a wide range of working wavelengths from ultraviolet to red. 1 Among the group-III nitrides, InN recently has attracted more attention due to the newly-suggested small bandgap of 0.7 eV, 2 which potentially extends the spectral range covered by group-III nitrides to the near-infrared. In addition, InN has a very small electron effective mass and a high electron drift velocity, 3 which makes the material also promising in high-frequency electronic devices.
However, difficulties have been encountered due to the thermal instability of InN and the large lattice mismatches between InN and commonly used substrates (e.g., sapphire and silicon). During growth, the high equilibrium vapor pressure of nitrogen requires a high V/III flux ratio and a low growth temperature to suppress InN decomposition, which often results in unsatisfactory crystal quality and undesired threedimensional (3D) rough surfaces. Several attempts to improve heteroepitaxial InN film quality and surface morphology have been reported. In molecular beam epitaxy (MBE), low temperature InN buffer layers 4 and InN intermediate layers 5 are used to achieve thick InN films with satisfactory room temperature carrier mobility and a low background carrier density. Bulk GaN, 6 epitaxial GaN 6, 7 and AlN films 6, 8 are also used by a few groups as templates for InN growth. One possible reason for the often-observed 3D rough surface of epitaxial InN is insufficient adatom surface diffusion due to the nitrogen-rich growth conditions, which is a well-known effect for GaN growth. 9 To overcome this difficulty, Lu et al. 10 studied migration-enhanced MBE of InN by alternately supplying indium vapor and nitrogen plasma to increase the adatom surface diffusion. However, 4 despite these efforts, the desired two-dimensional (2D) step-flow growth of InN is still rare. 12 and island shape and aspect ratio, which are important to understand the evolution of 3D islands grown in the SK or VW modes, are still rare.
In this work, using plasma-assisted MBE, we investigate the growth modes of InN (000-1) on sapphire with GaN buffer layers. Using ex-situ atomic force microscopy (AFM) and in-situ scanning tunneling microscopy (STM), we examine in detail the size, shape, and aspect ratio of 3D InN islands grown on smooth GaN surfaces under conditions of various growth temperatures and coverages. We then explore the possibility of obtaining step-flow growth by using different types of GaN buffer layers. Smooth 2D
InN films are achieved when using small dense GaN islands as a buffer layer, and the surface morphology, including atomic steps and surface defects, are revealed by STM imaging.
EXPERIMENTS
The growth experiments are performed in a home-built MBE chamber with a base Sapphire wafers are cut into small pieces of 1 cm x 2 cm size and mounted on a tantalum sample holder. The back of the substrates are coated with a layer of titanium for efficient radiative sample heating. After degreasing in acetone and methanol and rinsing with de-ionized water, the sapphire substrate is further cleaned by an oxygen plasma in the sample load lock chamber for a few minutes to remove hydrocarbon contaminants.
The substrate is then transferred to the growth chamber through vacuum. After outgassing at temperatures ≤ 800 o C for a few hours, the LEED patterns of the substrate contain bright sharp spots with a six-fold symmetry, which confirms that the surface is clean and well-crystallized. The polarity of our MBE-grown InN films is probably N-polar (referred to as (000-1) in this paper). This is presumed from many previous reports that show MBE-grown group-III nitrides on nitridized sapphire substrates are mostly N-polar. 14 Etching of our MBE-grown GaN films with KOH 14, 15 also confirms this. With the coverage increased to 6 ML ( Fig. 1 (b, e, and h)), it is interesting to note that there are multiple peaks in the island height distribution. The average interval of 0.6 nm between these peaks is equivalent to the lattice constant c of wurtzite InN, which means that most islands contain even numbers of bi-layers. The distribution of the island lateral size (area) can be viewed from the height-vs-area plot of Fig. 1(h) , where, on average, the island height increases with the island area.
RESULTS AND DISCUSSIONS

A. Growth on smooth GaN layers
When the coverage is increased to 12 ML, a significantly different island height distribution is observed, as shown in Fig. 1(f) . Basically, from the height-vs-area plot of Fig. 1(i) , it can be seen that the islands can be divided into two groups, as indicated by the two ellipses. For the group of smaller islands with heights between 2-4 nm, the relationship between the island heights and lateral sizes is similar to the case of 6 ML, i.e., the height increases with the area. The distribution of the island heights of this group can be fit by a Gaussian distribution, as shown in Fig. 1(f) . For the group of larger islands, on average, instead of increasing with the lateral size, the island heights reach a plateau around 5.5 nm.
Based on the above observations, we consider possible mechanisms of InN island nucleation and growth at temperatures around 400 o C. First, from the height-vs-area plots, the average aspect ratio (height vs half width) of the islands at low coverages (2 ML and 6 ML) is estimated to be on the order of 1/10. This low aspect ratio means that the lateral growth of InN on GaN(000-1) is much faster than the vertical growth, despite the large lattice mismatch between InN and GaN. At the beginning of growth, InN basically nucleates as 2D islands (e.g, in Fig. 1(d) , where the average island height is equivalent to one bi-layer of InN). With the coverage increased to 6 ML, 3D islands form, which provide strain relaxation, and the average island height slowly increases in 'quanta' of double bi-layer heights (which should help to preserve the stacking sequence along the
[0001] direction of the wurtzite structure). The results for 12 ML InN (in particular, the height-vs-area plot of Fig. 1(i) small Ge islands have shallow pyramid-like shapes with a low aspect ratio. Larger than a critical size, Ge islands take on a higher aspect ratio with steeper facets. For both types of Ge islands, the equilibrium island shape is determined by the balance between strain and the island surface energies. For InN islands, the plateau of the island height versus lateral size suggests a very low surface energy of InN(000-1), which favors a flat island shape with a large (000-1) face. Significant lateral growth of InN islands is also observed at higher temperatures, as introduced next. (Fig. 1(b, e) ), the islands have a lower density and larger lateral sizes. Presumably the increased temperature alters the adatom mobility of surface diffusion, which causes the change in island density. However, the height distribution ( Fig. 2(c) ) does not change significantly; it also contains multiple peaks with an average interval of about 0.6 nm that is close to the lattice constant c of InN. The 10 height-vs-area plot ( Fig. 2(e) ) shows that the island height reaches a clear plateau at about 2.7 nm.
With the temperature increased to 480 o C, a multi-modal island height distribution is also observed, as shown by the height distribution and height-vs-area plot in Figs. 2(d,   f) , respectively. In particular, the several peaks in the height distribution generally correspond to the several groups of islands indicated by the ellipses in the height-vs-area plot, and the groups of islands with greater heights have smaller lateral sizes.
The above results can be explained partly by considering the balance between strain and island surface energy. In general, surface energy plays a critical role in determining the epitaxial growth mode. A well-known example is the use of surfactants (e.g., As 20 ) to modify (lower) the surface energy of Ge(001) such that the usual SK growth mode of Ge/Si(001) can be changed to a 2D growth mode. However, for compound semiconductors, unreconstructed polar surfaces are usually unstable due to charge effects. For example, it is well-known that the InSb (111)A surfaces are stabilized by a 2x2 vacancy reconstruction which neutralizes the surface charge. 22 For 1x1
GaN(000-1), it has been suggested that an extra monolayer of Ga adatoms can stabilize the surface. 16 For InN, values for the surface energies of different crystal planes are currently not available. We speculate, though, that an indium adlayer may occur and play a role in lowering the InN(000-1) surface energy. In general, because the equilibrium vapor pressure of nitrogen over InN is higher than that over GaN by several orders of magnitude, 23 more nitrogen atoms are required for growth of InN. With the limited supply of nitrogen atoms produced by commonly used plasma sources (ECR or radiofrequency), a small amount of excess indium many exist on the surface due to segregation, which effectively lowers the surface energy of InN(000-1). Therefore, it is possible that the vertical growth of islands at the high temperature of 480 o C is partly due to the enhanced desorption of indium, such that the growth is under more N-rich conditions, and excess indium is unavailable to stabilize the (000-1) surfaces. The separate groups of islands formed at 480 o C also suggests a temperature-activated change of the island shape, which is favorable to relax the strain by the smaller lateral sizes and increased heights (Fig. 2(f) ).
From the above discussion, we expect that the effective low surface energy of 
B. Growth of 2D InN films on 3D GaN buffer layers
In epitaxial growth of GaN, the use of 3D buffer layers of AlN or GaN grown at low temperatures have been shown to significantly improve the expitaxial GaN film quality and surface morphology. 26 Following these examples, we explore the possibility of obtaining smooth 2D InN films by using GaN buffer layers composed of 3D GaN islands. GaN template is used for the InN growth, the improvement of InN wetting of the substrate by using 3D GaN buffer layers is apparent. In particular, the surface shown in Fig 4(c) is composed of spiral growth hillocks and shallow valleys, which is very close to previously-reported good surface qualities of MBE-grown GaN films. 27 The inset in Fig InN on smooth GaN surfaces, as exemplified in Fig. 3 , it is anticipated that one role of the dense and small 3D GaN islands of the GaN buffer layer is to serve as nucleation centers for InN growth so that InN can quickly wet the entire substrate. Thus the formation of trenches such as those shown in Fig. 3(a) can be avoided. In addition, a 3D allowing better stain relaxation for the InN layers.
The large numbers of surface pits shown in Fig. 4 (a) and 4(b) are probably surface terminations of threading dislocations, 27 which is discussed further below. Note that the number of surface pits decreases and the overall surface quality improves with increasing growth temperature of GaN buffer layers from Fig. 4 (a) to 4(c), suggesting a sensitive dependence of the final film quality on the GaN buffer layer growth conditions. This can be attributed to the improved crystal quality of the 3D GaN islands with increasing growth temperatures.
Details of the 2D InN films are revealed by in situ STM imaging, as shown in
Figs. 5(a-c). The sample is grown under similar conditions to those used for the sample in Fig. 4(c) . In Fig. 5(a) , several atomic steps can be seen emanating from a surface pit, suggesting that the pit is related to a screw type dislocation. According to the early theoretical work by Frank, 28 atomic steps generated by screw dislocations can enhance the step-flow growth by spiral growth processes. (Note that in Fig. 5(a) , there are no islands on the terraces, which is a typical result of step-flow growth.) This mechanism largely contributes to the hill and valley morphology shown in Fig. 4(c) . Line profile measurements of our STM images show predominant step heights of 0.3 nm and 0.6 nm, which correspond to single and double bi-layer steps, respectively.
By counting the number of steps emanating from a defect, the strength of the associated threading dislocation can be estimated. For example, the few defects shown in Area (x10 nm ) 4 2 Height (nm) 
